Breakpoints are not exclusive to tennis: We present a new class of solubilizing groups for conjugated polymers which enable solution processing of multi-layer devices. Conjugated polymers in organic devices are sometimes difficult to process due to their limited solubility.
Introduction
The unique optical, electrical, and film-forming properties of π-conjugated polymers enable various optoelectronic applications. 1 However, using soluble polymers opens new processing challenges for the fabrication of more sophisticated device architectures. To make conjugated organic materials solution-processable, the introduction of solubilizing groups is often necessary, 2 although these groups can dramatically influence the solid-state structure of these compounds (e.g. their overall crystallinity or packing). 3, 4, 5, 6 It is hardly possible to use the same or similar solvents for the deposition of consecutive layers, because of the dissolution of the layers that were already applied. Different approaches addressed this issue which are based on crosslinking, 7, 8 the use of orthogonal solvents, 9, 10 or treatment with an external stimulus, such as heat, 11, 12, 13 all to prevent the dissolution of the previously formed layers. Especially, the treatment of the processed layers with heat, first reported by the Frechét group11 and made technologically viable by the Krebs group, 12 using carboxylic acid ester pyrolysis/decarboxylation as thermo-cleavage for polythiophenes, 14, 15 set the basis for our work. The disadvantage of this particular approach is the direct connection of the ester group to the polymer backbone which causes changes in the electronic properties of the polymers as observed for various substituted polythiophenes. 16 Another drawback is the high decarboxylation temperature (300 °C) that is necessary to yield a semiconducting polythiophene which is compatible only with very heat-resistant flexible substrates. 17 In this paper we show that placing a spacer between the polymer backbone and the cleavable side chain helps to improve both issues. Although our spacer can universally attached to various conjugated polymers, we deliberately chose polythiophenes as the investigated model system to allow comparison to the literature. The electronic nature of the polythiophene remains unperturbed by the bond scissions before as well as after heat treatment. To lower the cleavage temperature, we introduce a new thermo-labile group which is based on unsymmetrical carbonates with one tertiary alcohol. Leaving a hydroxyl function on the polymeric backbone after thermal removal, these carbonates and their cleavage temperature can be modified by changing the structure of the solubilizing side chain. This is very important for the goal of printing, drying and pyrolysing these polymers (poly(3-(2-((alkoxycarbonyl)oxy)ethyl)thiophen-2,5-diyls P3COET) on low-cost flexible substrates such as polyethylene terephthalate (PET), as this limits the potential process temperatures to around 140 °C. 
IR spectroscopy is a very convenient analytical characterization technique to indicate
whether the polymer consists of carbonates only or already has some cleaved functionalities on the backbone (i.e. alcohols). IR-spectra before (dashed) and after (solid) the cleavage clearly show the split-off of the solubilizing group ( Figure 1 ). The carbonates in poly-9a give rise to a strong band at 1737 cm -1 which can be assigned to the carbonyl stretching mode.
After the cleavage, the carbonyl band disappears completely and the liberated alcohol functionality (3230 cm -1 ) of P3HOET poly-10 (poly-3-(2-hydroxyethyl)thiophene-2,5-diyl) can be detected.
The relative (in-)stability of the P3COETs was investigated by thermogravimetric analysis (TGA) in conjunction with differential scanning calorimetry (DSC) in the temperature range up to 300 °C ( Figure 2 ). The carrier gas leaving the furnace was analyzed by mass spectrometry and Fourier transform infrared spectroscopy (TGA-MS-FTIR, see ESI). These measurements corroborate the evaporation of 2-methyl-2-hexene and carbon dioxide from the sample starting at 180 °C reaching its maximum at 200 °C. The optical and electronic properties of the carbonate-functionalized polythiophene poly-9a
were investigated by UV-Vis spectroscopy and cyclic voltammetry (CV) measurements (see Supporting Information). The introduction of the carbonate with a C 2 -spacer has a small effect on the UV-Vis spectra of the polythiophene. This hints to a slightly higher nonplanarity of the conjugated backbone than in common poly(3-hexylthiophene) (P3HT) because of the different length and steric demand of the solubilizing alkyl chain. 3 The CV measurement (poly-9a film in acetonitrile against Fc/Fc + ) confirms the equal electronic properties of the polythiophene poly-9a (E ox = 0.52 V) compared to P3HT. 20 
Control of cleavage temperature
To enable the use of our thermo-labile polymers on low-cost flexible substrates (like e.g.
PET), their structure should be modified to reduce the cleavage temperature to around 140°C. Ab initio and experimental studies by Van Speybroeck revealed that a six-membered cyclic transition state is required to have an optimal geometry while the C α -O bond dissociation is the rate-determining step. Stabilization of the positive charge in the C α position affects an acceleration of the reaction rate. The last step is a β-H-elimination or synelimination. 2122 According to this mechanism, it is possible to tune the elimination temperature by changing the cation-stabilizing properties of the side chain. Based on this rationale, we set out to prepare derivatives changing the alkyl into an alkenyl (6h-j) or alkinyl (6e-g) side chains, which form mesomerically stabilized cations and eventually lead to conjugated double bonds after elimination. The two methyl groups or a cyclic group next to the alcohol are necessary for stabilization and simultaneously provide β-H for the pyrolysis. The corresponding alcohols were synthesized by nucleophilic addition of Grignard reagents to carboxyl functions or lithiated alkynes to acetone, cyclopentanone or cyclohexanone, respectively. All synthesized alcohols were stable and most of them could be obtained in good to excellent yields (see Supporting Information).
Scheme 4: Syntheses of the 3-(2-((alkoxycarbonyl)oxy)ethyl)thiophene monomers 9, starting from tertiary alcohols 6. The synthesis of the imidazole-N-carboxylic esters 7 proved necessary for the synthesis of the asymmetric carbonates and were obtained by coupling the appropriate alcohol 6 and 1,1'-carbonyldiimidazole (CDI, 5). Interestingly, during these reactions or their workup some imidazole-N-carboxylic esters already decomposed. The CDI-coupling of allylic or benzylic alcohols did not yield the imidazole-N-carboxylic esters but the decarboxylated Nsubstituted imidazoles (8h-j, see Supporting Information). This was a first hint that some imidazole-N-carboxylic esters and the corresponding carbonates were not stable enough to synthesize a polymer. The carbonate monomers 9 finally were obtained by reacting the imidazole-N-carboxylic esters 7 with 2-(2-bromo-5-iodothiophen-3-yl)ethanol (4) . For some of the monomers (9e and 9f), triethylamine had to be added to the eluent during purification by column chromatography, the silica gel otherwise being too acidic for the carbonate groups. The use of acidic additives to lower the cleaving temperature has already been shown by the Krebs group. 23 The yields of the respective imidazole-N-carboxylic ester syntheses allow a good forecast for the stability of the resulting carbonates 9. We observed that imidazole-N-carboxylic ester 7g with a cyclopentyl and alkinyl side chain (entry 7) was difficult to isolate and that the carbonate 9g could not be obtained. The cyclopentyl group resulted in less stable compounds than the cyclohexyl.
Scheme 5: KCT Polymerization of thermo-labile thiophene monomers 9a-f to obtain a series of P3COETs (cf. Table 2 ).
With this set of monomers, the corresponding polymers (Table 2) were prepared by KCTP. 19 The low reaction temperature of this reaction proves ideal for the polymerization of the monomers 9, since it prohibits the cleavage of the thermo-labile solubilizing chains during polymerization. Table 2 is a compilation of all synthesized P3COETs poly-9a-f. Obviously, the yields correlate with the cleavage temperature of the thermo-labile solubilizing chains and results from the purification method. P3COETs with lower cleavage temperature like poly-9c-f (Table 2) partially cleave during the synthesis or the purification by Soxhlet extraction because of the high temperature and the slight acidic behavior of chloroform. 23 In this case, formation of insoluble P3HOET poly-10 in the Soxhlet thimble could be observed, but also the soluble polymers poly-9c+d already exhibit a small hydroxyl-band in their IR spectra. The other P3COETs show no hydroxyl vibrations in the IR which is in line with a higher cleavage temperature. The molecular weights (M w ) of the polymers are in the range of 4.8 kg mol -1 to 45.6 kg mol -1 and are not linked to the yields or the (in-)stability (entry 3). The dispersity (PDI) of the polymers is low. Figure 3 shows the thermal behavior of the P3COETs poly-9a-f
as normalized TGA curves in the temperature range of 100-250 °C. The range of the thermal cleavage is between 140 °C (poly-9c, entry 3) and 198 °C (poly-9b, entry 2). The polymers with cyclopentyl groups (poly-9c and poly-9d; entry 3+4) are less stable than the polymers with alkynyl groups (poly-9e and poly-9f; entry 5+6).The poly-9b with a cyclohexyl group (entry 2) exhibits the highest cleavage temperature. The difference in the normalized TGA curve shapes depends on the boiling point of the alkene generated during the pyrolysis. 
Thin film structural analysis
The control over the surface arrangement of conjugated polymers is essential for their application in electronic devices. Generally, transistors require an edge-on polymer arrangement favoring the charge carrier transport parallel to the dielectric surface. 24 On the other hand, the efficiency of solar cells can be improved by a face-on assembly when the π-stacking direction is oriented perpendicular to the substrate and thus in the direction of the charge carrier transport. Different approaches related to polymer design and processing have been reported to control the surface organization of polymers. For instance, the morphology of P3HT thin-films can be tuned by substrate treatment 25 and the solvents used for thin-film fabrication. 26 The annealing of a polymer at its melting temperature can also change the surface organization as in the case of poly-naphthalene-bithiophene from faceon, obtained after spin-coating, to edge-on. 27 Concerning the polymer design, the organization of P3HT can be controlled by its regioregularity. 28 The aggregation in solution also plays an important role and is affected by the polymer interactions. Polymers with bulky substituents reducing aggregation assemble on the surface face-on, while macromolecules Large variation in packing for poly-9a drop-cast films before and after annealing at 200 °C is evident from the GIWAXS patterns presented in Figure 4 . Both patterns reveal quite isotropic reflections indicating a rather random distribution of the crystallites towards the surface. This is not surprising, since the drop-cast films are relatively thick with no preferential growth direction of the polymers. Nevertheless, the maximum intensity of the h00 reflection on the meridional plane implies certain preference of the polymer orientation the attached thermally sensitive alkyl chains. In addition, the substituents influence the interaction between polymers. The lack of a corresponding π-stacking peak of poly-9a before annealing suggests highly disordered polymer packing within the layer structures (Figure 4a ).
The GIWAXS pattern in Figure 4b is obtained for poly-9a after thermal cleavage of the substituents (i.e. P3HOET poly-10). The interlayer distance observed for the unannealed film Figure   S2 ). In general, the crystallinity of the spin-coated films is lower in comparison to dropcasting due to longer evaporation time of the solvent and thus extended kinetics of the structure growth in the latter case. A further interesting change in the drop-cast film after the cleavage of the substituents is the increased packing order of the polymers as evident from the additional π-stacking reflection in the wide-angle scattering range related to a distance of 0.37 nm. It can be assumed that the steric demand of the substituent is reduced after thermo-cleavage allowing a stronger interaction between the conjugated P3HOET backbones.
Polymer:PCBM films
In order to integrate poly-9a into the absorber layers of bulk-heterojunction organic photovoltaic devices, we studied the thin-film formation of a polymer:fullerene blend upon deposition from solution. Therefore, we dissolved poly-9a and [6, 6 ]-phenyl C 61 -butyric acid methyl ester (PCBM) 1:0.5 (wt:wt) in 1,2-dichlorobenzene and spin cast the layer from the respective solution. We assessed the bulk-heterojunction homogeneity by atomic force microscopy (AFM). The thin-film topography of films that were annealed at 150 °C, is depicted in Figure 5 . The layers exhibited a root-mean-square roughness r q ≈ 0.36 nm and did not exhibit any pinholes. Upon annealing at 200 °C and hence above the cleavage temperature, the surface texture became rougher (r q ≈ 4.49 nm) and, besides some larger aggregates, exhibited grains with a typical size of 10 nm that were randomly distributed all over the layer surface. Most importantly, upon annealing, these layers were almost insoluble in the process solvent, i.e. 1,2-dichlorobenzene. When investigated by X-ray diffraction, the effect of the thermo-cleavage on the polymer packing in poly-9a thin films is even more evident in the bulk-heterojunction structure. Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 heterojunction structure. The main difference in the obtained pattern is the lack of the small-angle meridional reflection previously assigned to the layer arrangement. Interestingly, in the small-angle equatorial plane a new reflection at q xy = 0.63 Å -1 q z = 0 Å -1 appears corresponding to a d-spacing of 0.99 nm. This value is in agreement with the changes observed in the drop-cast and the spin-coated poly-9a film after thermal cleavage ( Figure   S2 ). However, in the bulk-heterojunction blend, the interlayer reflection moves from the meridional to equatorial plane suggesting a change of the backbone organization from edgeon to face-on. Furthermore, the face-on organization after thermo-cleavage is confirmed by the appearance of the π-stacking reflection (0.38 nm) in the wide-angle meridional plane.
In this work, the rearrangement of poly-9a occurs after annealing and thermal cleavage of the substituents. The reorganization is attributed to the film plasticization by PCBM, increasing the mobility of the polymer chains during thermal cleavage. 30 During this annealing step, PCBM crystalizes as evident from the spot-like reflections observed in the off-meridional range of the pattern ( Figure 6b ) which has also been observed in the AFM measurements. 32 Consequently, the intralayer order increases, while the interlayer distance decreases. The higher order within the layers enhances the charge carrier transport in π-stacking direction which, after the reorganization, coincides with the direction of the applied electric field in solar cells. Additionally, the shorter interlayer periodicity and less dense isolating alkyl mantle facilitates transport between layers. This increases the dimensionality of the charge carrier transport, allowing an easier by-passing of structural defects such as trapping sites. 
Bulk-heterojunction solar cells
The good film quality enabled the poly-9a:PCBM ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 varied the poly-9a:PCBM blend ratio from 1:1.25 to 1:0.5. We clearly observe an enhancement of the photo current towards lower PCBM concentrations. Hence, the removal of the bulky side chains does not only provide a change in layer solubility but also reduces the required amount of fullerenes in the bulk-heterojunction. 
Conclusion
We synthesized a series of novel carbonate-functionalized thiophene monomers and regioregular polythiophenes P3COETs of variable pyrolysis temperature. By tuning the stabilization of the cleavage fragments, we control the onset of the pyrolysis down to a temperature region which is compatible with low-cost polymeric substrates like PET. TGA measurements in combination with IR spectroscopic studies verify the completeness and the selectivity of the cleavage to the corresponding P3HOET. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Based on untreated P3COETs, lateral charge transport was observed in TFTs. After the pyrolysis, however, no working TFT could be obtained. On the other hand, the efficiency of the solar cells was dramatically improved upon pyrolysis. This intriguing observation could be rationalized based on GIWAXS measurements in thin films of either pure P3COET, the pyrolysed P3HOET and the respective blends with PCBM on device-relevant substrates.
These polythiophenes exhibit different preferential orientation with respect to the surface from edge-on before and face-on after cleavage, explaining the observed swap in device performance.
Due to the mass-loss during cleavage, the relative amount of PCBM necessary to obtain solar cells with maximum efficiency is drastically reduced compared to non-cleavable polythiophenes like P3HT.
The compounds presented in this study show the potential of thermo-cleavable solubilizing side chains with controllable cleavage temperature. The moderate process temperature enables device fabrication on low-cost substrates. The reduced diffusivity of the polymers after cleavage enables the generation of morphologically more robust thin films which may lead to long-term stability of the morphology. Cleaving off the side chains and hence significantly reducing the material solubility makes this concept interesting for future multilayer organic optoelectronic devices, in particular when transferred to high-performance amorphous polymers.
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Synthesis.
Scheme S1: Synthesis of 2-(2-Bromo-5-iodothiophen-3-yl)ethanol (4). (2) : N-bromosuccinimide (11.2 g, 62.5 mmol, 1.00 eq.)
2-(2-Bromothiophen-3-yl)ethanol
was added portionwise at 0 °C to a solution of 2-(thiophen-3-yl)ethanol (1) (8.02 g, 62.5 mmol, 1.00 eq.) in tetrahydrofurane (200 mL), and the mixture was stirred at 0 °C overnight. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 using petroleum ether/ethyl acetat 5:1 as the eluent to give a colorless liquid (18.0 g, 86% 
2-Methyloct-3-yn-2-ol

1-Pentylcyclopentyl 1H-imidazole-1-carboxylate (7d):
The reaction was carried out with 1,1-carbonyldiimidazole (5) (1.96 g, 11.0 mmol, 1.10 eq.), 1-pentylcyclopentanol (6d) (1.56 g, 10.0 mmol, 1.00 eq.) and potassium hydroxide (6.00 mg, 100 µmol, 0.01 eq.) according to general procedure A. The crude product was further purified by column chromatography using petroleum ether/ethyl acetat 5:1 as the eluent to give a colorless solid (1.16 g, 46% 
2-Methyloct-3-yn-2-yl 1H-imidazole-1-carboxylate (7e):
The reaction was carried out with 1,1-carbonyldiimidazole (5) (1.41 g, 7.92 mmol, 1.10 eq.), 2-methyloct-3-yn-2-ol (6e) (1.01 g, 7.20 mmol, 1.00 eq.) and potassium hydroxide (4.00 mg, 72.0 µmol, 0.01 eq.) according to general procedure A. The crude product was further purified by column chromatography using petroleum ether/ethyl acetat 10:1 as the eluent to give a colorless solid (1.25 g, 74%). Scheme S3: Synthesis of carbonates 9a-g. Table S3 : Thiophene monomers 9a-g prepared in this study. The crude product was further purified by column chromatography using petroleum ether/ethyl acetat 10:1 as the eluent to give a colorless oil (1.23 g, 86% General procedure C for synthesis of P3COETs poly-9: A solution of thiophene monomers (9a-f) (1.00 eq.) in tetrahydrofuran (5.0 mL/mmol) was stirred at 0 °C. To the mixture was added a 2.0 M isopropylmagnesium chloride solution in diethyl ether (1.00 eq.) and the mixture was stirred at 0 °C for 1 h. Then a suspension of 1,3-bis(diphenylphosphino)propane nickel(II) chloride (0.005 eq.) in tetrahydrofuran (5.0 mL) was added to the mixture at 0 °C, and then the mixture was stirred at room temperature. After the reaction mixture had been Normalized intensity (a.u.)
Entry
Wavelength (nm)
poly-9a P3HT Figure S1 : Normalized absorption and emission spectra of P3COETs poly-9a (solid) and P3HT (dashed).
S2. Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)
GIWAXS measurements of poly-9a drop cast films were performed at the DELTA Synchrotron 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 GIWAXS experiments of the sample in OPV architecture and for poly-9a spin coated film were performed by means of a solid anode X-ray tube (Siemens Kristalloflex X-ray source, copper anode X-ray tube operated at 30 kV and 20 mA). Osmic confocal MaxFlux optics, Xray beam with pinhole collimation and a MAR345 image plate detector. The samples were prepared as thin film with the same procedure as it was used in OPVs fabrication with one change as a substrate the silicon/silicon dioxide was used. Figure S2 . GIWAXS patterns of thin films of spin coated P3COET poly-9a after annealing (a) at 100 °C and (b) after annealing at 150 °C (72 h). Meridional reflection related to the interlayer structure is indicated by black arrows in the GIWAXS patterns.
S3. Field-Effect Transistors
To find the relation between thermal cleavage and charge carrier mobility, poly-9a has been employed as an exemplary active material in transistors. The field-effect transistors (FET)
were processed using bottom gate, bottom contact architecture with gold source and drain electrodes. The 300 nm thick SiO 2 dielectric covering the highly doped Si acting as the gate electrode was functionalized with hexamethyldisilazane (HMDS) to minimize interfacial trapping sites. Poly-9a thin films were deposited by drop-casting 2 mg/mL chloroform solution on FET substrates in nitrogen atmosphere. The channel lengths and widths are 10 and 700 mm, respectively. All the fabrication procedures and electrical measurements (using Keithley 4200 SCS) were performed in a glove box under nitrogen atmosphere.
In order to compare the charge carrier transport before and after thermal cleavage, FETs were measured after thermal annealing at two different temperatures: below (100 °C), to ensure evaporation of residual solvent and order improvement by polymer reorganization, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
S4. Organic Solar Cell Fabrication and Characterization
Solar cells were fabricated on indium tin oxide (ITO) coated glass (ShinAn SNP, R sheet ≈13 Ω/sq). The ITO substrates were structured in hydrochloric acid and ultrasonically cleaned in acetone and isopropanol. To polarize the surface and to remove organic residues, the samples were exposed to an oxygen plasma (120 s). After cleaning, the substrates were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 samples were stored on a hotplate at a temperature of 120°ˆC for 15 min. Subsequently, the active layer comprising a blend of poly-9a and PCBM (Solenne BV, 40 mg/ml, 1:0.5 -1:1. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
